Air bubbling is one of the techniques used to limit membrane fouling. Under appropriate conditions, it could be used also as the transport means for flotation, which is another efficient separation method applied in water treatment. The present paper reviews briefly the integration of both processes in the same tank, taking advantage of dispersed-air flotation combined with microfiltration (MF) by submerged membranes. Process parameters investigated were the nature, size and concentration of solid particles (zeolite, hydrotalcite, zinc hydroxide and iron colloidal particles), the type and concentration of selected ions (Zn 2+ , P-PO 4
Introduction
The polluter pays principle ensures nowadays, at least in principle, that companies have to pay the costs associated with environmental damage or at least in part. Therefore, from their point of view, an economic and effective solution is required by developing techniques for improved treatment. On the other hand, many of the metal ions (cations or oxyanions) which are target compounds and are often present in effluents, could be further concentrated for recycling, avoiding incineration of the toxic sludge, since this corresponds to transferring pollution from one state to another. If we succeed in re-using water and metal ions, ''end-of-thepipe'' solutions will no longer be necessary. Attempts have been made, therefore, to develop a more specific water treatment technique to provide industrial process water as close as possible to the source, applying quality assurance and efficiency control techniques for operational management. An innovative and cost-effective approach minimises environmental impact from wastewater and prevents potential damage to health (Erwe et al., 2005) .
Several industrial wastewater streams may contain heavy metal ions, which must be satisfactorily removed, before the treated waters may be discharged or reused. Various bonding materials, presenting selectivity and fast reaction kinetics for the removal of metals, have been examined for this purpose and among them, zeolites (Matis et al., 2004a) . Dispersed-air flotation was applied for the separation of metal-loaded zeolite particles. This combined process (termed sorptive flotation) involves the preliminary scavenging of metal ions by using the appropriate sorbent particles, usually present as ultrafine particulates, followed by flotation for the effective separation downstream of them (Zouboulis and Matis, 1997) .
Industrial ion-exchange resins (Lewatit-type) were also tried for the removal initially of zinc ions and were later tested for a copper mine effluent; almost 100% of metal was removed. Flotation was subsequently applied for the solid/liquid separation of zinc-loaded resin. More than 95% of the used resin was recovered in a single stage (Zouboulis et al., 2005) . The regeneration of sorbents was studied with respect to the desorption of metal and to the elution of surfactant.
Membranes filtration
The use of membrane systems has experienced exponential growth over the last 10 years due to their ability to deliver drinking water and wastewater to meet stringent compliance standards. With their modular design and sophisticated automation, membrane plants are now being built to deliver safety and flexibility with minimal operator intervention. Another driving force for the popularity of membranes is that their cost is steadily decreasing. Lower costs are spurred by increased competition, increased demand that favour scale of economics for manufacturing, and more efficient process operation.
Membrane systems are becoming the main focus of water treatment and the choice of membrane, module configuration, process and operating parameters and pre-treatment amongst others are very important in the efficiency of separation. They are very promising because of their potential to remove particles, including microorganisms, organic pollutants and inorganic salts, and to achieve biologically stable water to limit microbial regrowth in the distribution system.
Decrease in the permeate rate, during the membrane process, is attributed to membrane fouling and is recognized as the main problem in the application of membrane technologies. Several types of fouling can occur in membrane systems, including inorganic fouling, particulate and colloidal fouling, organic fouling and biofouling. Pore blocking and cake formation are considered as the two main mechanisms of membrane fouling, while other factors such as adsorption, particle deposition within the pores and changes to the cake layer affect membrane fouling through the modification of either or both mechanisms (Bai and Leow, 2002) .
Successful operation of membrane plant requires careful management of fouling of the membrane; its avoidance is probably not possible, but its impact can be limited by a variety of techniques. Many researchers have tried to overcome this obstacle, using chemical or physical methods (Wakeman and Williams, 2002 ; Ueda et al., 1997) ( Table 1) . Chemical methods involve precipitation, coagulation/flocculation, use of disinfectants or anti-scalants, choice of membrane materials, membrane surface modification and cleaning reagents. Physical treatment methods include pre-filtration, the use of turbulence promoters, rotating/vibrating membranes, pulsed/reversed flow, electrical fields, the periodical hydraulic or mechanical cleaning or the use of gas sparging. The latter consists of a gas stream injected into the membrane module; a swarm of rising bubbles flows past the membrane surface, and these bubbles act as membrane cake scrubbers. At the same time, the turbulent flow pattern induced by the bubbles prevents the particles from approaching and depositing on the membrane surfaces. Thus, gas sparging reduces fouling by preventing or limiting particle deposition and concentration polarization. Table 2 summarises the effect of gas sparging on the effectiveness of MF. The percentage of process improvement depends on the kind and concentration of treated suspension, the particle size and the liquid and gas flow rates.
Flotation
Flotation selectively separates surface-active compounds from a solution, collecting them at the gas-liquid interface and thereby concentrating them at the surface. The process is widely applied for the removal of various species from water, for example organics, metal ions, oils, powders, residual reagents and so on, as well as for the beneficiation of mineral particles in minerals technology.
Of particular importance to the treatment of aqueous streams are the following flotation types:
• Sorptive flotation: It involves a preliminary scavenging stage, with metal ions being adsorbed on suitable particles. The sorption phase is followed by flotation which separates the metal-ion-loaded sorbent particles from the aqueous stream, resulting in a cleaned stream.
• Precipitate flotation: The undesired ions are first precipitated, for example by a suitable pH adjustment, and the minute particles are subsequently floated.
• Adsorbing colloid flotation: It is a special case of sorptive flotation, involving the removal of the solute from the aqueous solution by adsorption on, co-precipitation with or even occlusion in a carrier floc, produced by adding from ferric or aluminum salts. A second stage involves the combination of flocs into larger aggregates, which are then floated with the help of an appropriate surfactant (Matis, 1995; Matis and Mavros, 1991) . The main disadvantage of flotation is that sometimes its removal efficiency is limited, due to the fact that some substances either are not retained in the froth or are not sufficiently hydrophobic, thus remaining in the bulk dispersion/solution (Bl€ ocher et al., 2003).
Both flotation and membrane filtration are separation processes studied extensively in literature, but their combination in a hybrid flotation-membrane filtration system is an innovative process. The hybrid flotation-membrane filtration system combines the advantages of both these processes, while overcoming some of their limitations. During its operation, a suspension of fine-sized adsorbent is fed into the hybrid cell, where the solid particles are partially removed by flotation, while clean water is obtained from the membrane module. Some of the solid particles remaining in the dispersion are deposited on the surface and the pores of the membrane, forming a cake that gradually blocks the pores and causes membrane fouling. The rising gas bubbles are used for the flotation process, while at the same time acting as membrane-surface scrubbers, effectively removing the deposited cake and countering the fouling problem.
The hybrid cell hydrodynamics was also examined (Matis et al., 2004b) . One of the important parameters in chemical units design is the flow pattern inside them; the liquid characteristics, the size and the scale of unit, may be the baffles and the impeller are among the factors that influence the flow pattern. As it appeared, the tanks-in-series model for N = 1 without air bubbling was not satisfying and another model should be applied. Nevertheless, the hybrid flotation-membrane system always uses air; and in presence of air, a well-mixed vessel model can correctly describe it. This innovative cell was then tested with aqueous solutions simulating an effluent, as well as a real effluent from an open pit copper mine (Assarel-Medet, Panagyurishte and Bulgaria) (Lazaridis et al., 2004) . A combined process of electroflotation, dissolved-air flotation/bioflotation and membrane separation was also successfully tested, in realistic industrial conditions, using existing flotation units (Tvaruzek et al., 2003) ; hydrophobic polypropylene and hydrophilic polyethylene hollow fibre MF membranes were used in that case.
Pilot plant work was performed in situ at the copper mine (Nenov et al., 2008) . Flotation recovered ca. 90% of the solids, with a copper content in the froth concentrate approaching 6%. The residual heavy metal (Cu, Mn, Fe and Pb) concentrations in the membranes permeate was below 0.05 mg L
À1
.
Experimental details
The hybrid cell consisted of a cylindrical flotation column made of Plexiglas (i.d. D C = 100 mm) equipped with a flat ceramic porous gas sparger with an average porosity, D por , of 10-16 mm, placed at a distance of 20 mm from the flat bottom of the column (Peleka et al., 2006a) . A membrane module, consisting of a twin set of parallel, double-sided ceramic membranes with a flat sheet multi-channel geometry, was positioned 60 mm above the gas sparger. The membranes were hydrophilic, and had a mean pore size of 0.3 mm and a total surface area of 0.021 m 2 (see also Fig. 1 ). A suspension of fine-sized particulate matter was prepared in a mixing tank, and was then fed at a constant flow rate into the hybrid cell using a peristaltic pump, while air was introduced into the cell through the sparger. Clean water permeate was drawn at a constant flow rate from the membrane module using another peristaltic pump. The flow rate of the clean water and the pressure drop through the membrane (termed transmembrane pressure (TMP)) were continuously monitored.
In the hybrid sorptive flotation-MF experiments: In the case of the hybrid zinc precipitate flotation-MF experiments, zinc was precipitated from an initial solution containing a concentration of 50 mg L À1 of Zn 2+ as hydroxide by adjusting the solution pH to &9. For the flotation phase of the process, hexadecyl-trimethylammonium bromide (HDTMA-Br) was used as collector, to render the zinc precipitate or the zinc-loaded zeolite particles hydrophobic, at a concentration of 10 mg L À1 . In the hybrid experiments with hydrotalcite the used collector was sodium oleate at a concentration of 200 mg L À1 . In the case of the hybrid adsorbing colloid flotation-MF, the initial solution contained 200 mg L À1 of Fe(III) and 10 mg L À1 of PO 4 3À at pH 5. The iron flocs formed were rendered hydrophobic with the addition of sodium oleate at a concentration of 500 mg L À1 .
Discussion of results
The effectiveness of the hybrid process was examined with two goals in mind (Matis et al.,
2004):
• to remove from the aqueous effluent any undesirable dissolved or even suspended constituents and
• to recover a stream of water clean enough for potential re-use.
It is clear that the studied process depended primarily on the nature, characteristics and efficiency of the applied bonding agents or metals. For example, the particle size distribution of the bonding agents, their concentration and the surface charge determine the flotation effectiveness. However, certain limitations were imposed on the examined parameters, for example air flow rate and the position of the membranes. The air flow rate affects the flotation process; experimental results published by various researchers indicate that flotation recovery increases to a maximum and then decreases as air flow rate increases (Laplante et al., 1983) . On the other hand, the effectiveness of the membrane filtering was directly proportional to the air flow rate. Therefore, the hybrid cell operation required an intermediate air flow rate in order to achieve the highest flotation recovery and at the same time the lowest membrane fouling.
The effect of gas flow rate on membrane permeability for the simple MF system is presented in Fig. 2 . As the air flow rate (expressed as superficial velocity) was increased, the permeability of the membranes in simple MF systems was increased. Injecting gas into the feed stream to create a gas-liquid two-phase cross flow can control effectively cake formation in MF, thus enhancing the permeate flow rate. The influence of bubbling in membrane applications depends on the relative dimensions of the flow path and the bubbles. In the majority of cases bubbles behave as slugs in close proximity to the membrane surface; these slugs create very high shear stresses on the membrane wall and improve the performance of membranes (Cabassud et al., 1997 (Cabassud et al., , 2001 ). However, air slugs are not suitable for flotation process. It is also remarkable that the gas sparging improved the MF operation in different levels for the different types of particles.
The induction of flotation conditions into the membrane reactor (addition of an appropriate surfactant in the liquid dispersion) renders the solid particles hydrophobic. Thus, when the suspension is brought into contact with gas bubbles, the solid particles collide with the ascending bubbles; some of these collisions result in the solid particles adhering to the bubbles, thus being removed to the surface of the threephase system. Consequently, fewer solid particles reach the surface and possibly the pores of the membrane, which results in less pronounced membrane fouling. The performance of the hybrid flotation-MF process was compared to the performance of a simple MF system and the results are shown in Fig. 3 . The results indicate that the hybrid process has an enhanced performance compared to the separate sub processes. Over 550 min of operation, the membrane water permeability improved by 50-133% and by 75-200%, as compared to the simple MF system without and with air sparging, respectively.
During the experimental procedure, samples were obtained from the membrane outlet and the bonding agent (zeolite) content was measured. In all cases no zeolite was determined, obviously due to the efficient membrane filtration. The metal (zinc) removal was more than 95% for all the zeolite concentrations after about 2 h (Fig. 4) (Matis et al., 2004c) . The hybrid cell (volume 3300 cm 3 ) was initially filled with filtered tap water, the real suspension feeding flow rate was 27 cm 3 min À1 and 2 h is the essential time interval for the replacement of tap water by the suspension that contained the remaining zinc ions and zeolite particles.
The effect of gas flow rate on the hybrid process (Fig. 5 ) is more complex, since air bubbles are involved not only in membrane surface cleaning but also in the removal of solid particles by flotation. In the hybrid flotation-MF experiments, the increase of air velocity affected the membrane performance in a different way. Using ferric flocs and zinc hydroxide as solid particles, the increase of air velocity increased the hybrid cell performance, but up to a critical value (u G = 0.447 cm s À1 ), beyond which any additional air velocity increase resulted in a decrease of the cell performance. In the hybrid process for zeolite separation (Peleka et al., 2006a) , at low suspension feed flow rates the increase of gas flow rate had little effect on permeability. At higher suspension feed flow rates, however, membrane permeability was found to depend on gas flow: the higher the gas flow rate, the higher the TMP increase and the . (b) Improvement of hybrid microfiltration-flotation system operation as compared with simple microfiltration system and microfiltration with air sparging system for various solid concentrations (after 550 min of operation);
corresponding permeability loss. In the hydrotalcite case, membrane permeability was found to be directly proportional to gas flow rate. The solids concentration was one among the examined parameters; the results are illustrated in Fig. 6 . The higher solids concentration corresponds to a lower permeability. The effect of solids concentration was more evident in case of zinc hydroxide and iron flocs may be due to their colloidal nature. According to the type of fouling materials, four categories of membrane fouling are generally recognized:
1. inorganic fouling/scaling, by the accumulation of inorganic precipitates such as metal hydroxides, and ''scales'' on membrane surface or within pore structure; 2. particulate/colloid fouling by algae, bacteria and certain natural organic matters fall into the size range of particle and colloids; however, they are different from inert particles and colloids such as silts and clays; 3. microbial fouling is a result of formation of biofilms on membrane surfaces; once bacteria attach to the membrane, they start to multiple and produce extracellular polymetric substances to form a viscous, slimy, hydrated gel; and 4. organic fouling is found in membrane filtration when water contains relatively high amounts of natural organic matters.
The cake, which was formed during the filtration of iron colloidal particles and zinc hydroxide, was more compact than solid particles (zeolite and hydrotalcite) cake, and thus the induction of flotation conditions had more effect. Backflusing (BF) has been also applied, in order to extend membrane operational time. The membrane backflushing process is carried out by periodically reversing the direction of permeate flow, and this inverse stream disrupts the cake deposited on the membrane surface and the membrane pores. A backflush duration of 5-20 sec and pulses 3-10 times per hour has been recommended (Miculasek et al., 2000) . Its efficiency is quantified by a resistance index (RI) (Vigneswaran et al., 1996) :
where R F is the resistance with backflush, R the resistance without backflush and R M the resistance with clean water. When RI approaches 1, it implies that backflush is inefficient. A smaller RI means efficient backflush, and a zero value would mean a perfectly efficient backflush. The values of the RI for the separation of zeolite, hydrotalcite, zinc hydroxide and ferric flocs, at best backflushing conditions, are presented in Table 3 . Backfushing is efficient in the case of zeolite and hydrotalcite particles; in the case of colloidal particles (zinc hydroxide and ferric flocs), the data are not encouraging. It is probable that colloidal particles, which are deposited on the membrane surface, may require more dynamic conditions to be removed, but on the other hand such dynamic conditions would be incompatible with the flotation process. It is also interesting to note that backflushing is more efficient in the case of hydrotalcite particles compared to zeolite particles; the mean particle sizes of hydrotalcite and zeolite are 15 mm and 3 mm, respectively, therefore backflushing efficiency is found to increase, as the particle size increases.
A feasibility study was also conducted (Lazaridis et al., 2004) using an appropriate software for technico-economic studies (SuperPro Designer, of Intelligen, Inc.). The capital investment for such a hybrid plant was estimated to be of the order of 0.92 M⁄, while the operating cost would be about 1.42 M⁄ per year. The comparison with a process involving the two processes separately, that is MF followed by flotation, showed that the hybrid system has lower capital cost and lower operating costs.
Conclusions
Membrane filtration technologies are increasingly used for solid-liquid separation purposes in conventional water and wastewater treatment plants. One of the major problems encountered during their operation is fouling by solid particles, causing a gradual degradation in process efficiency. It is possible to prevent fouling by gas sparging which prevents solid particles from depositing on the surface of the membranes. The bubble stream may be used at the same time to remove the solid particles from the dispersion by flotation into the froth layer, with membranes being subjected to only a part of the initial feed concentration of solid particles.
The combination of the two processes into a hybrid process, with the membrane module submerged inside the flotation cell, combines the advantages of both single processes. The efficiency of the combined process is higher when compared to the single processes and other proposed in the literature methods for preventing the fouling of membranes. It also achieves useful energy savings since no additional energy that needed for flotation was necessary for countering the fouling of the membranes.
